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Introduction
The series of lanthanide orthoferrites LnFeO 3 have been widely studied for a variety of physical and chemical properties, for example magnetism 1 , multiferroicity 2 , catalysis 3 and application in solid-oxide fuel cells 4 . This family also represents a very rich source of information for understanding trends in fundamental perovskite crystallography as a function of A-cation size 5, 6 . For all lanthanides, the thermodynamically stable phase for (Figure 1 ). This is the most common distorted structure type for perovskites, and is typically stable for a range of tolerance factors 7 , t < 0.975; the tolerance factor for LaFeO 3 is 0.954. As shown by Woodward 8 , a balance of favorable covalent versus ionic bonding interactions at the A-site is largely responsible for the stability of this particular distortion, and for 0.975 < t < 1.02 the alternative tilt system a -a -a -(described in space group R-3c) becomes more stable. This transition from
Pnma to R-3c can be seen at room temperature, as a function of A-cation size in the series LnNiO 3 9 and also occurs as a function of increasing temperature in a number of perovskites, including LaGaO 3 10 , LaCrO 3 11 and LaFeO 3 itself 12, 13 . In this respect, an alternative view of the relative stabilities of the two structure types has been given in terms of the relative polyhedral volume ratios of the perovskite AO 12 and BO 6 sites 14, 15 (ie. the A-site polyhedron expands more rapidly versus temperature than the B-site, thus stabilizing the R-3c phase at higher T).
We have recently analysed the thermal behavior of the crystal structure of an unusual member of the GdFeO 3 -structure perovkite family, viz. Bi 0.5 La 0.5 FeO 3 (BLFO) 16 . This compound was studied as a comparison to the important multiferroic perovskite BiFeO 3 , which we had shown to undergo a transition to a paraelectric, but unstable, GdFeO 3 -like structure at its ferroelectric T C
17
. Our study of BLFO revealed some unexpected features;
in particular a strong magnetostrictive effect below its magnetic ordering temperature, T N , which leads to a highly unusual structural response. The primary aim of the present study was therefore to compare the behavior of BLFO to that of LaFeO 3 , which has a similar T N , a similar t, but a 'simpler' composition at the perovskite A-site, free from the effects of mixed cation influences, and the effects of the Bi Another structural curiosity in the GdFeO 3 -structure perovkites is the observation of . LaFeO 3 itself (t = 0.96) is just below this region and, although it exhibits a unit cell with a > c at room temperature a crossover to c > a has recently been observed at around 700 K in the powder X-ray diffraction (PXRD) study of Selbach et al.
13
. As far as we are aware this is the only instance where such a crossover has been observed in a perovskite system as a function of temperature rather than composition. However, the previous study did not offer a detailed rationale for this behavior, perhaps because PXRD is unable to determine sufficiently precise oxygen atom positions. The second aim of this study is therefore to understand the detailed nature of this crossover, in terms of the precise evolution of all the relevant structural parameters versus temperature.
Experimental Section
Synthesis: Polycrystalline LaFeO 3 was synthesised using a conventional mixed oxide solid-state route. Stoichiometric quantities of La 2 O 3 and Fe 2 O 3 were thoroughly ballmilled (1hr @ 600 rpm) and heated in an alumina crucible to 800 °C for 5 hrs.
Subsequent regrinding and re-annealing at 1100 °C for 10 hrs led to the final product.
Powder X-ray diffraction (Panalytical Empyrean diffractometer) was used to confirm phase purity. site. For HRPD refinements data from two detector banks were used, whereas four detector banks were used in the case of GEM. Models and refinement strategies were kept as self-consistent as possible given the differences between the two
Neutron powder diffraction (NPD)
instruments. Isotropic refinement of all atoms was carried out for the Pnma phase, whereas anisotropic refinement was used for the R-3c phase. Given the limitations of deriving precise, fully anisotropic thermal parameters and dynamical information from powder diffraction data, it should be borne in mind that the results presented here represent a time and space average crystal structure. In addition to traditional analysis of structure evolution in terms of bond lengths and angles, we find it constructive to complement this with analysis in terms of symmetry-adapted normal modes, which decorrelate the effects of octahedral tilts and other distortions; this is implemented in the ISODISTORT suite 20 . .
Results

Thermal evolution of lattice metrics
The thermal evolution of lattice parameters within the Pnma regime is shown in Figure 2 .
Representative Rietveld fits and further details of refinements are provided in the Supplemental material 25 . The greatest degree of 'orthorhombic distortion' is observed at the lowest temperatures; at intermediate temperatures the normalized (pseudo-cubic) parameters tend to coalesce, and a crossover from a > c to c > a is seen around 770 K, above which there is a divergence of the lattice parameters prior to the rhombohedral phase being reached. We note that there is a systematic offset of the lattice parameters derived from the HRPD and GEM data. Hence the apparent anomalies seen around the region 500 -600 K are artefacts of these differing systematic errors. This is unfortunate, but of no serious consequence to the overall trends we observe in either lattice parameters or other derived structural features discussed below.
Thermal evolution of bond lengths/angles and symmetry-adapted modes
In the Pnma crystal structure the B-site (Fe) lies on an inversion center, and so there are A particularly interesting feature of LaFeO 3 is the crossover from a > c to c > a, as a function of increasing temperature. As discussed in the Introduction, this effect can be considered as a 'competition' between the 'out-of-phase' octahedral tilt mode around the a-axis (R 4 + mode) and the O2-Fe-O2' intra-octahedral distortion angle (Fig. 4) , which influences features predominantly within the ac plane. As can be seen from the evolution of the tilt modes ( The O2-Fe-O2' angle shows quite a remarkable behavior. As can be seen in Fig. 4 , the O2-Fe-O2' angle (largely 'in-plane' relative to the a and c axes) exhibits a near-constant value (~91.2°) across the entire temperature range, significantly deviating from the ideal 90°, but not subject to thermal variation. On the contrary, the O1-Fe-O2 and O1-Fe-O2'
('out-of-plane') angles show changes of similar magnitude (1.5 -2°) but opposite sign across the temperature range studied. Hence, the crystal-chemical origin of the a-c crossover is clear, though perhaps surprising: it is driven by the fact that, across the key temperature range 600 < T < 900 K, the decreasing amplitude of the R 4 + tilt allows c to increase relative to a, whereas the significant, but constant, in-plane distortion of the (Fig. 7) . Typically, in the Pnma perovskite the two features of increased octahedral tilting and increased A-site displacement towards lower temperature are expected to go hand-in-hand. In this case, although the only tilt mode that is still increasing significantly towards lower T (ie. M 3 + ) cannot directly affect the c/a ratio, it clearly still co-operates to allow the A-site displacement and consequently permits a mechanism that allows the a-axis to achieve a relatively low thermal expansivity at the lowest temperatures. It is well-known 8 that covalent contributions to the A-O bonding encourage the A-site displacements in this structure type, and bondvalence arguments 27, 28 can be used to show that the resultant shorter/longer A-O bond distribution relative to the a rather than c-axis will allow this effective 'expansion' of a versus c at lower temperatures. In fact, the bond valence sum for La 3+ does increase due to the enhanced displacement (Supplemental), but apparently does not negate the above argument.
One of the original aims of this study was to compare the thermal structural response of this parent material to the more complex derivative BLFO. The latter material displays some highly unusual features in its structural behavior versus temperature 16 . In particular, the most significant macroscopic feature is a dramatic plateauing of the expansivity of the c-axis (not the a-axis) below T N . This is ascribed to a magnetostrictive response to the antiferromagnetic ordering, which is correlated with counter-intuitive changes to both the 
